and provide a roadmap for empirical studies to detect these processes in nature.
123
The Models
124
We start with an integrodifference population model for population spread through 125 a spatially uniform environment (Kot et al., 1996) :
2 )f n t (y) dy.
Here n t (x) is the population density at time t and location x, and is a function of two 127 sequential processes: local demography and dispersal. We assume non-overlapping 128 generations where adults n t (x) generate f (n t (x)) offspring, that then disperse. The 129 distribution of dispersal distances (the dispersal kernel) is given by k(x − y, σ 2 ) and is 130 the probability that an individual disperses from location y to location x (where the 131 probability depends only on the distance x − y), with σ 2 as the variance of the kernel.
132
For all models, we describe dispersal using a Laplace probability density function 133 (Wang et al., 2002) .
134
Fluctuating Non-spatial Density
135
We first ask if a growth function f (n) that promotes fluctuations in local density also 136 promotes fluctuations in spreading speed. We therefore consider the case of over-137 compensatory population growth, where density can overshoot the carrying capacity.
138
Long-standing theory suggests that compensatory population growth, with or without
139
Allee effects, leads to constant invasion speeds (Weinberger, 1982; Lui, 1985; Wang 140 et al., 2002) . Additionally, when Allee effects are not present, overcompensatory 
which is modified to include the possibility of a strong Allee effects (Fig S1a) . Here, 146 r is the intrinsic growth rate, and n thresh is the Allee effect threshold, which is the 147 critical density below which the population goes extinct. We refer to this model as 148 the "overcompensatory model" throughout.
149
We simulated the model across a range of r and n thresh parameter values (Fig. 150 1a), each for 200 iterations using MATLAB (MATLAB, 2014 
where n k is the carrying capacity density, and n thresh is the critical density above 189 which the population reaches its max density (Fig. S1b) . As before, n thresh is the
190
Allee effect threshold; below this point population growth is less than one when strong
191
Allee effects are present. However, we now include a parameter λ that describes the 192 8 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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193
there is a strong Allee effect where population size decreases at low density (Fig. 194 S1b). For 1 < λ < n k /n thresh there are weak Allee effects, but we only briefly touch 195 on these results, as they do not produce fluctuations in speed.
196
Here we explore density dependence in two aspects of dispersal: the propensity
197
(the fraction of individuals that disperse), and the distances that dispersing individ-198 uals travel. We again use the general integrodifference form for our invasion model 199 (eqn. 1), but incorporate a piecewise linear growth function (eqn. 3).
200
When dispersal propensity is density-dependent we let the probability of dispersal 201 be given by
which is a logistic form similar to other models with density-dependent dispersal
203
( Smith et al., 2008) . Here,
of the local density of adults n t (x), and offspring f (n t (x)), where is the relative 
which we refer to as the "propensity model" throughout.
214
Alternatively, when the dispersal distance is density-dependent, we let the disper- 
where β is a shape parameter that controls the steepness at the threshold, and σ 
which we refer to as the "distance model" throughout.
222
We simulated both of these models (eqns. 5 and 7) for 200 iterations, across peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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239
Here, density-dependent dispersal induces the density fluctuations needed to cre-240 ate speed fluctuations, but only when combined with Allee effects, which generates 241 a pushed wave (SI Appendix). As before, spreading speed fluctuations are created 242 through variations in the magnitude of the push that reaches the edge of the invasion.
243
The magnitude of a push depends on the width of the region contributing to the push, 244 and the proximity of this region in relation to the wave front ( Fig. 2g-k) . Directly 245 adjacent to the wave edge the population is below the Allee effect threshold (n thresh )
246
and therefore decays to zero (Fig. 2g) . Farther from the edge, the population density 247 is above the Allee effect threshold, but below the dispersal threshold (ξ). Thus this 248 region of the population behind the wave front reproduces, but does not disperse 249 ( Fig. 2h,i) . This results in a large push from behind the wave front that moves the 250 invasion front forward at the next time step (Fig. 2i-k) . Subsequently, the region of 251 the non-dispersing population is much smaller and farther from the invasion front at 252 the next time step, resulting in a much smaller push (Fig. 2k) .
253

Distance Model Results
254
For the distance model (eqn. 7), we again find that invasion speed only fluctuates 255 via pushed waves when density-dependent dispersal depends at least partially on the 256 adult population density ( > 0), and strong Allee effects are present (0 ≤ λ ≤ 1).
257
However, unlike the propensity model, we find fluctuations when density-dependent 258 dispersal is both positive (β > 0) and negative (β < 0) (Fig. 1c, S4b , SI Appendix).
259
The speed fluctuations exhibit more chaotic dynamics (Fig. S5 ) than the two-cycle 260 fluctuations seen in the propensity model, with larger amplitude fluctuations when 261 the dispersal distance increases with density (β > 0), than when it decreases with 262 density (β < 0) (Fig. 1c, S5 ). In general, fluctuations are larger as both Allee effects 263 and density dependence are stronger. Additionally, when increasing densities increase 264 11 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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267
When the dispersal distance shows positive density dependence (Fig. 2m-r) , pop-268 ulations at densities above the dispersal threshold will disperse long distances, and 269 those below will disperse short distances. While the short distance dispersers are 270 always directly adjacent to the wave edge after reproduction, each push forward is 
274
For example, when a small peak in population density is above the dispersal thresh-275 old, a small population mass disperses long distances and the front advances a short 276 distance ( Fig. 2m-o) . However, when a larger peak of the population density is above 277 the dispersal threshold, a larger population disperses long distances, and the wave 278 advances a longer distance (Fig. 2o-q) .
279
We also find spreading speed fluctuations when the dispersal distance has negative 280 density dependence, that also result from variation in the proportion of the population 281 that disperse short and long distances. Here, however, when populations are above 282 the dispersal threshold, they disperse a short distance, and when they are below the 283 dispersal threshold, they disperse long distances. In the negative density-dependent 284 dispersal case, long distance disperses are always adjacent to the wave edge, and 285 pushes with a small proportion of long distance dispersers move less far (Fig. 2s-u) 286 than those made up of more long distance dispersers (Fig. 2u-w) .
287
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321
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